ABSTRACT To study the impact of neural activity on cellular physiology, one would like to combine precise control of firing patterns with highly sensitive probes of cellular physiology. Light-gated ion channels, e.g., Channelrhodopsin-2, enable precise control of firing patterns; green fluorescent protein-based reporters, e.g., the GCaMP6f Ca 2þ reporter, enable highly sensitive probing of cellular physiology. However, for most actuator-reporter combinations, spectral overlap prevents straightforward combination within a single cell. Here we explore multiwavelength control of channelrhodopsins to circumvent this limitation. The ''stoplight'' technique described in this article uses channelrhodopsin variants that are opened by blue light and closed by orange light. Cells are illuminated with constant blue light to excite fluorescence of a green fluorescent protein-based reporter. Modulated illumination with orange light negatively regulates activation of the channelrhodopsin. We performed detailed photophysical characterization and kinetic modeling of four candidate stoplight channelrhodopsins. The variant with the highest contrast, sdChR(C138S,E154A), enabled all-optical measurements of activity-induced calcium transients in cultured rat hippocampal neurons, although cell-to-cell variation in expression levels presents a challenge for quantification.
INTRODUCTION Combining optogenetic stimulation and fluorescence imaging
Activity-dependent changes in physiology are a hallmark of neural metabolism and information processing. Action potential generation and neurotransmitter release constitute significant metabolic loads, and maintenance of homeostasis in the presence of changing energy demands engages multiple metabolic pathways (1) . Activity-dependent changes in neurons are integral in learning and memory, and contribute to the pathophysiology of diseases ranging from epilepsy to schizophrenia. Despite the fundamental importance of activity-dependent changes in neuronal physiology, we still do not fully understand many of the underlying pathways. A method to perturb neuronal activity with high spatiotemporal resolution while monitoring real-time cellular responses would be a valuable tool in this effort (2) .
Optical tools for perturbing neural activity include photouncaged glutamate (3, 4) , light-activated agonists of endogenous ion channels (5, 6) , azobenzene-derivatized glutamate receptors (7) , and heterologously expressed microbial rhodopsins (8) . Of these, the rhodopsins have been particularly effective because they can be genetically targeted to specific subclasses of cells; are readily activated with modest doses of visible light; and typically do not require an exogenous cofactor (the retinal chromophore is present at sufficient levels in most vertebrate tissues). Channelrhodopsin-2 (ChR2), a light-gated cation channel from Chlamydomonas reinhardtii, allows optical control of neural activity in species ranging from worms to monkeys (9) . New channelrhodopsins are frequently added to the optogenetic toolkit, distinguished by kinetic or spectroscopic features optimized for particular classes of experiments (10) (11) (12) (13) (14) .
Protein-based fluorescent sensors have been developed for real-time measurements of membrane voltage, pH, calcium, ATP, NADH, cAMP, glutamate, reactive oxygen species, several redox potentials, activity of kinases and phosphatases, and many other modalities (15) (16) (17) (18) . Targeting of these reporters to subcellular domains in genetically specified subpopulations of neurons enables detailed studies of calcium fluxes, metabolic state, vesicle cycling, and signaling pathways. Although fluorescent proteins have been developed with excitation maxima throughout the visible spectrum (19) , the vast majority of single-wavelength or FRET-based reporters contain a derivative of green fluorescent protein (GFP) (excitation, 488 nm; emission, 509 nm).
To achieve simultaneous optical perturbation and readout within the same cell, one must minimize the degree of optical crosstalk: the light used to trigger the actuator should not perturb the fluorescence of the reporter; and the light used to excite the reporter should not trigger the actuator (Fig. 1 a) . Several approaches have been developed to achieve these goals. One-and two-photon glutamate uncaging is compatible with imaging of GFP-based reporters (20) .
Channelrhodopsin actuation can be paired with red-shifted voltage-or calcium-sensitive organic dyes (21, 22) or proteins (13, (23) (24) (25) , although the number of reporters sufficiently red-shifted is limited.
Efforts to produce red-excited channelrhodopsins have shifted the excitation peaks as far as 590 nm, allowing independent optical control of distinct neural populations (10, 26) . However, these proteins retain 20-30% activation at the blue wavelengths used for excitation of GFP and thus experience spurious activation under fluorescence imaging conditions. Fig. 1 b shows the spectral overlap of GCaMP6f, a popular Ca 2þ reporter, with a panel of channelrhodopsin actuators. Spectral overlap has remained a significant barrier to paired optical actuation and sensing in single neurons.
The complex photocycles of microbial rhodopsins open the possibility of sophisticated optical control (27) . These proteins sample different states-each with its own function and absorption spectrum-with interstate transitions driven by illumination, membrane voltage, and thermal energy. Evolution has made use of these conformational and spectral gymnastics. For example, in Halobacterium salinarum a single photoreceptor, sensory rhodopsin I, mediates phototaxis both toward red light and away from ultraviolet (UV)/ violet light. Red or orange light inhibits kinase activity in sensory rhodopsin I, while UV or near-UV light activates kinase activity, with opposite effects on cell motility (28) . In the lab, one can use spectrally and temporally tuned pulses of light to interact with photocycle intermediates, thereby driving the population into states or distributions of states inaccessible under steady-state illumination. We previously applied this strategy to record stable photochemical imprints of membrane voltage (29) and to encode absolute values of membrane voltage into nonequilibrium dynamics of photocycle intermediates (30) . Here we apply this strategy to modulate channelrhodopsin photocurrents in the presence of continuous blue illumination, thereby enabling simultaneous optogenetic stimulation and fluorescence imaging of a GCaMP Ca 2þ indicator (31) .
Repurposing step-function opsins as stoplight channelrhodopsins
Step-function opsins (SFO) are channelrhodopsin variants that are opened by blue light and closed by orange or red light (32) . The full SFO photocycle (33) is quite complex; Fig. 2 a shows a dramatically simplified version of this photocycle, which captures the features essential for the present discussion, but is not appropriate for a quantitative determination of rate constants. We reasoned that under continuous blue illumination, one could modulate the population in the open state by modulating the intensity of simultaneously applied orange light (Fig. 2 b) . By collecting reporter fluorescence at wavelengths bracketed between the blue and orange illumination wavelengths, one could image the reporter with negligible crosstalk from the modulated orange beam. The challenge, then, was to identify an SFO and illumination conditions (intensities, wavelengths, times) that would facilitate robust crosstalk-free fluorescence imaging with simultaneous optogenetic stimulation of neurons. We call our proposed scheme the ''stoplight'' technique because the SFO photocurrent is stopped by red (or orange) light. Due to the countervailing effects of blue and orange light on the open-state population, the orange intensity required to close the channel depends on the blue intensity. The blue intensity is set by the attributes of the fluorescent reporter and the demands for spatial and temporal resolution in the imaging. high-magnification experiments require much higher intensity than population-average measurements; voltage imaging at a 1 kHz frame rate to detect neuronal action potentials requires higher illumination intensity than imaging at a 50 Hz frame rate to detect Ca 2þ transients. To image a GFP-based reporter expressed in neurons under a strong constitutive promoter, e.g., CaMKIIa or hSynapsin, with 1-mm spatial resolution and~10-ms temporal resolution requires blue illumination (488 nm) at an intensity of 0.1-10 W/cm 2 . We thus measured photocurrents with blue illumination in this range, and with a simultaneously applied second beam of variable intensity and wavelength.
METHODS

Molecular biology
We made point mutants of ChR2, CoChR, and sdChR in a lentiviral vector (22217; Addgene, Cambridge, MA) under the CaMKIIa promoter. To make these point mutants, we modified the two-sided splicing by overlap extension technique of Horton et al. (34) . Each gene was PCR-amplified in two fragments: fragment A, upstream of the mutation site; and fragment B, downstream of the mutation site. The mutation was introduced into both the reverse PCR primer used to amplify fragment A and the forward PCR primer used to amplify fragment B. We used Gibson Assembly (New England Biolabs, Ipswich, MA) to insert fragments A and B into the lentiviral vector (Addgene plasmid 22217 digested with the restriction enzymes BamHI and EcoRI). We produced: ChR2(C128S)-eGFP, sdChR(C138S)-TS-eGFP-ER, sdChR(C138S,E154A)-TS-eGFP-ER, CoChR(C108S)-eGFP, sdChR(C138S,E154A)-TS-GCaMP6f-ER, and sdChR(C138S,E154A)-TS. The trafficking sequence (TS) used in Gradinaru et al. (35) was added to the C-terminus of sdChR to improve its membrane trafficking. The FCYENEV endoplasmic reticulum (ER) export motif of Gradinaru et al. (35) was also added to the C-terminus of GFP or GCaMP6f in these constructs to improve trafficking. The TS sequence did not improve membrane trafficking of ChR2(C128S). CoChR showed excellent membrane trafficking in HEK cells and neurons, so we did not add trafficking sequences to CoChR.
For expression in HEK cells, ChR2(C128S) was expressed under an ubiquitin promoter (using the plasmid backbone from Addgene 22051).
Fusions between stoplight rhodopsins and GCaMP6f were made by inserting a linker with the sequence AAPVVAVSKAAAKSRITSEGE YIPLDQIDINV, where the bold residues correspond to the TS. Extensive experience with this linker has shown independent function of the upstream rhodopsin and the downstream fluorescent reporter.
To generate a vector for expression of mitochondrial GCaMP5G in neurons, we added one copy of the Cox8 localization sequence (MSVLT PLLLRGLTGSARRLPVPRAKIHSLGDPPV, from Addgene 23348 (36)) to the N-terminus of GCaMP5G in a lentiviral expression vector under the CaMKII promoter.
All constructs were verified by sequencing.
Cell culture
HEK-293T cell culture and DNA transfection were performed as in MacLaurin et al. (37) . Briefly, HEK293T cells were grown in DMEM supplemented with 10% FBS and penicillin/streptomycin in a 37 C incubator under 5% CO 2 . Forty-eight hours before measurement, cells were transfected using Transit-293 (Mirus) with the opsin of interest (see Molecular Biology above). These cells were replated at a density of~5000-10,000 cells/cm 2 on Matrigel-coated (Corning Life Sciences, Tewksbury, MA) cover-glass bottom dishes (P35G-1.5-14-C; MatTek, Ashland, MA) 24 h before measurement. All-trans retinal (5 mM) was added to each dish 1-2 h before imaging.
All experimental protocols involving use of animals were approved by the Harvard Institutional Animal Care and Use Committee. Primary neuronal cell culture was performed as in Venkatachalam et al. (29) . Postnatal day 0 (P0) pups were euthanized and hippocampi were dissected following the procedure in Goslin (38) . Briefly, isolated hippocampi were digested with papain and homogenized in Hank's Balanced Salt Solution containing MgCl 2 and kyneurinic acid to prevent excitotoxicity. Cells were plated on glass-bottomed dishes (P35G-1.5-14-C; MatTek) coated with 20 mg/mL poly-D-lysine, and cultured in plating medium consisting of MEM (Life Technologies, Norwalk, CT) containing 10% fetal bovine serum, 0.5% glucose, 10 mM HEPES, 2 mM Glutamax (Life Technologies), 100 mg/L transferrin, insulin, and B27. After 60 h, the medium was replaced with NbActiv4 (Nb4-500; BrainBits, Springfield, IL). At 4 days in vitro, 2 mM AraC was added to suppress further glial growth. At 7 days in vitro, neurons were transfected using calcium phosphate (Cat. No. 631312; Clontech, Mountain View, CA). Each 3.5 cm dish was transfected with 200 ng of opsin DNA diluted in 1800 ng of nonexpressing pUC19 plasmid.
Patch-clamp electrophysiology and fluorescence imaging
The combined epifluorescence microscope and patch-clamp apparatus is described in Hou et al. (30) . We imaged GFP-based fluorophores using excitation at 488 nm. Fluorescence was separated from scattered laser light by a 525/30 emission filter. Images were acquired at a 20-Hz frame rate on a scientific complementary metal-oxide semiconductor (CMOS) camera (Orca 4 Flash; Hamamatsu Photonics, Hamamatsu City, Japan). Biophysical Journal 107 (7) 1554-1563
All whole cell patch-clamp experiments in HEK cells were performed in voltage-clamp mode, while experiments in neurons were performed in current-clamp mode using a patch-clamp amplifier (model 2400; A-M Systems, Sequim, WA) and a micromanipulator (MP-285; Sutter Instrument, Novato, CA). Micropipettes were pulled from filamented borosilicate glass capillary tubes (1.5 mm OD, 0.84 mm ID; World Precision Instruments, Sarasota, FL) using a glass micropipette puller (P-1000; Sutter Instruments) to a tip resistance of 5-10 MU and filled with intracellular buffer (125 mM potassium gluconate, 8 mM NaCl, 0.6 mM MgCl 2 , 0.1 mM CaCl 2 , 1 mM EGTA, 10 mM HEPES, 4 mM Mg-ATP, and 0.4 mM Na-GTP at pH 7.3; adjusted to 295 mOsm with sucrose). The extracellular solution for all recordings was retinal-free Tyrode's buffer (125 mM NaCl, 2 mM KCl, 3 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 30 mM glucose at pH 7.3; adjusted to 305-310 mOsm with sucrose). For experiments in HEK cells we added 50 mM 2-APB to block electrical gap junctions. For experiments in neurons, we added 10 mM NBQX, 20 mM Gabazine, 25 mM AP-V to block synaptic transmission. All experiments were performed at 24 C. Electrophysiology recordings were low-pass filtered at 5 kHz using the internal filter and then digitized using a data acquisition card (PCIe-6343; National Instruments, Austin, TX), at 10 kHz. Custom software routines written in MATLAB (The MathWorks, Natick, MA) and LABVIEW (National Instruments) were used to deliver illumination light of different wavelengths and intensities with submillisecond temporal precision.
RESULTS
Measurements were performed on a homemade system for simultaneous patch-clamp electrophysiology and multiwavelength fluorescence illumination and imaging, described in detail in Venkatachalam et al. (29) and Hou et al. (30) . In brief, lasers at wavelengths of 488, 532, 561, 594, and 640 nm were combined by dichroic mirrors and modulated via an acousto-optic tunable filter to select the time-dependent intensity for each wavelength at the sample. Fluorescence imaging was performed in an inverted epifluorescence microscope equipped with a high numerical-aperture objective and a scientific CMOS camera. Membrane electrical properties were measured via whole-cell patch-clamp in either constant-current or constant-voltage mode. Illumination, imaging, and electrophysiology were synchronized via custom LABVIEW software (National Instruments). All experiments were conducted at 24 C. We first tested the previously described SFO, ChR2(C128S) (32) . We expressed ChR2(C128S)-eGFP in HEK293T cells (see Methods) and applied the illumination sequence shown in Fig. 3 a. We simultaneously monitored membrane current via whole-cell patch-clamp, maintaining V m ¼ À70 mV. A pulse of red light (640 nm, 700 W/cm 2 , 300 ms) initialized the protein in the fully closed D470 state. A pulse of blue light of variable intensity (0.03-20 W/cm 2 , 1000 ms) opened the channels and induced an inward (negative) photocurrent. During the middle 500 ms of the blue pulse, a stoplight pulse of orange light (594 nm, 300 W/cm 2 ) was added to the illumination and the photocurrent decreased in magnitude. The photocurrent traces in Fig. 3 a illustrate the countervailing influences of blue and orange light. For the weakest blue illumination, the orange light largely suppressed the photocurrent (98% fractional inhibition); however, this blue intensity was too low for fluorescence imaging, and only opened the channel slowly. For the strongest blue illumination, the orange light only partially closed the channel (23% fractional inhibition). In the absence of blue illumination, the orange light alone opened the channels to only 1.5% of maximum photocurrent, indicating minimal spurious channel activation by the stoplight.
To gain insight into the photocurrent dynamics of Fig. 3 a, we simulated the kinetic scheme of Fig. 2 a with time-varying illumination. By using this simplified model, we hoped to build intuition for the main qualitative features of the data. Due to the broad absorption spectrum of each state, we allowed each color of light to drive each optical transition with an efficiency proportional to the absorption coefficient of the source state. We neglected thermal isomerization from P520 to D470 because this rate is extremely slow, <0.01 s À1 (32) . Under these assumptions, the rates are where I blue is the blue intensity, I SL is the stoplight intensity, m is the fractional absorption of D470 at l SL relative to l blue , and n is the fractional absorption of P520 at l SL relative to l blue . The governing equations are the following:
The calculated time-dependent population of the conducting state P520 recapitulated the main features of the photocurrent data (Fig. 3 b) ,
The simulations explained two nonintuitive features of the data:
First, the steady-state photocurrent under blue-only illumination (e.g., from t ¼ 1000-1250 ms) was a decreasing function of blue intensity. Solving the kinetic equations for steady state with I SL ¼ 0 yields a population in the conducting P520 state,
where A ¼ k 2 /k 3 , and B ¼ k 2 /k 1 þ k 2 /k 3 . Thus [P520] ss is a decreasing function of I blue . Second, when the blue light was stopped (t ¼ 2000 ms) the photocurrent increased in magnitude. Under steady-state blue illumination there was a finite population in the P390 intermediate. Upon cessation of blue illumination, the rate P520 / D470 became negligible (<0.01 s À1 ), while population thermally transferred from P390 / P520. Thus [P520], and the photocurrent, increased. This simple model thus provided a framework for interpreting photocurrent data with ChR2(C128S) and other step-function opsins.
Optimization of stoplight wavelength and intensity for ChR2(C128S)
We next varied the wavelength and intensity of the stoplight to identify the optimal parameters for fast and high-contrast photoswitching. The illumination protocol was the same as in Fig. 3 . We measured steady-state photocurrents (i ss ) at V m ¼ À70 mV as a function of blue illumination intensity (I blue ) either in the absence of a stoplight or with stoplight wavelength selected from l SL ¼ 532, 594, or 640 nm. In all cases, the stoplight intensity was I SL ¼ 200 W/cm 2 ( Fig. 4 a) .
A good stoplight would minimize the photocurrent under all blue illumination intensities. The red (640 nm) stoplight effectively shut the channel at very low I blue , but was overpowered by the blue beam for I blue > 0.1 W/cm 2 . The red beam was too far off resonance with the P520 transition to drive rapidly P520 / D470. The green (532 nm) stoplight led to significant current at all values of I blue . The green stoplight drove D470 / P390 in addition to P520 / D470, and thus was an ineffective stoplight. The orange (594 nm) stoplight achieved a balance between maximizing the rate of P520 / D470, while minimizing crosstalk to D470 / P390. For I blue between 0.1 and 1 W/cm 2 , the orange stoplight suppressed photocurrent by 97-84%. 
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We next investigated the effect of stoplight intensity (Fig. 4 b) . Ideally one would minimize the stoplight intensity to avoid risk of photodamage and to enable application over as wide a field of view as possible for a given illumination power. As expected, weaker stoplights were less effective at counteracting the blue photocurrent. At I blue ¼ 300 mW/cm 2 , the 300 W/cm 2 stoplight inhibited 95% of the blue photocurrent, compared with 75% inhibition at 30 W/cm 2 , and 25% inhibition at 3 W/cm 2 . Thus for ChR2(C128S), the stoplight must be~1000-fold more intense than the blue light.
Characterization of stoplight protocol in novel SFOs
Our spectroscopic explorations of ChR2(C128S) elucidated the critical parameters for stoplight performance.
The closed and open states should have minimal spectral overlap, and the protein should have high conductance in the blue-only state. This conductance is the product of the expression level, the efficiency of trafficking to the plasma membrane, and the unit conductance of the open channel. Visual inspection of eGFP fluorescence in neurons expressing ChR2(C128S)-eGFP showed poor membrane trafficking. In our experiments and in previous reports (32) , this protein did not pass sufficient photocurrent to induce robust spiking in cultured neurons.
We thus introduced mutations homologous to C128S into other channelrhodopsin variants that showed superior trafficking and sensitivity. The mutant ChR2(H134R) passes larger photocurrents than wild-type ChR2 (39), so we made ChR2(C128S, H134R). However, this construct did not ''traffic'' well in HEK cells, so it was not pursued further. A recent screen for improved channelrhodopsins identified two with greatly enhanced photocurrents: one from Chloromonas oogama (CoChR) and one from Scherffelia dubia (sdChR) (10) . We thus made CoChR(C108S) and sdChR(C138S). We previously found that the mutant sdChR(E154A), termed ''CheRiff'', had minimal activation by red or orange light (13), so we also made sdChR(C138S, E154A).
We expressed each mutant in HEK cells and characterized its photocurrents and kinetics under blue illumination (488 nm, 300 mW/cm 2 ) and simultaneously modulated orange illumination (594 nm, 300 W/cm 2 ) (Fig. 5 a) . The ideal stoplight channelrhodopsin would show large photocurrent with blue-only illumination, and large fractional inhibition by orange light (i.e., reside in the top-right region of Fig. 5 a) . CoChR(C108S) had the highest blue-only photocurrents (748 5 129 pA, n ¼ 7 cells), while sdChR(C138S,E154A) yielded the greatest fractional inhibition by orange light (94.3 5 1.8%, n ¼ 5 cells). All statistics are mean 5 SE.
We characterized the channel opening time (t open ), corresponding to the orange light turning off, and the closing time (t close ), corresponding to the orange light turning on (Fig. 5  b) . Photocurrent recordings were fit to a single exponential. All fits had r 2 > 0.98. The mutant sdChR(C138S) had the fastest opening time constant of t open ¼ 9.8 5 0.7 ms (n ¼ 7 cells). All candidates had t close < 3 ms. The rapid closing of the step-function opsins could be useful for inducing high-frequency trains of action potentials, and is Biophysical Journal 107(7) 1554-1563 much faster than the spontaneous closing of conventional channelrhodopsins.
Testing the stoplight technique in neurons
While no ChR mutant was optimal by all measures, for further characterization in neurons we selected sdChR(C138S, E154A) on account of its high (94%) suppression by orange light and its good membrane trafficking. We compared wild-type ChR2 and sdChR(C138S, E154A) in paired cultures of rat hippocampal neurons, using calcium phosphate transfection of the constructs in lentiviral vectors under the CaMKIIa promoter. Synaptic blockers were added to the imaging medium to ensure cell-autonomous dynamics. We used manual patch-clamp in whole-cell current-clamp mode to monitor the membrane voltage as we varied the blue and orange illumination (see Methods).
In a neuron expressing ChR2-eGFP, blue pulses (488 nm, 3 W/cm 2 , 10 ms) on a dark background robustly induced single action potentials (Fig. 6 a) . However, introduction of a steady-state blue background of 300 mW/cm 2 , such as might be used for GFP imaging, depolarized the cell by 40 mV, leading to sodium channel inactivation, and suppression of firing. These results illustrate the need for a more sophisticated approach to simultaneous optical stimulation and imaging.
We expressed sdChR(C138S, E154A) fused to a TS, an eGFP, and an ER export motif (see Methods) in a neuron and monitored the membrane voltage in response to a stoplight illumination protocol (Fig. 6 b) . At I blue ¼ 0, modulation of the orange stoplight (I stoplight ¼ 300 W/cm 2 ) had no effect on membrane voltage. Simultaneous application of blue light (I blue ¼ 300 mW/cm 2 ) and orange light (I stoplight ¼ 300 W/cm 2 ) depolarized the resting voltage by only 5 mV. Modulation of the orange beam (t on ¼ 800 ms, t off ¼ 200 ms) in the presence of blue light robustly triggered action potentials. These results demonstrate that the stoplight technique can trigger neuronal firing under continuous blue illumination appropriate for imaging a GFP-based reporter. Phototoxicity is a concern because of the high intensity of the orange stoplight. We found that neurons could typically tolerate~2 min of stoplight illumination before they developed changes in action potential parameters such as were indicative of phototoxicity.
We then replaced the eGFP expression marker with GCaMP6f (31), a genetically encoded fluorescent reporter of Ca 2þ (see Methods). We expressed sdChR(C138S,E154A)-TS-GCaMP6f-ER in cultured rat hippocampal neurons and applied the stoplight illumination protocol (I blue ¼ 300 mW/cm 2 , I stoplight ¼ 300 W/cm 2 , Fig. 7 ). We simultaneously recorded membrane potential via manual patch-clamp and GCaMP6f fluorescence (excited by the blue beam).
The 594-nm light was blocked every 6 s, with t off increasing from 25 to 425 ms. Blockage of the stoplight led to action potentials, with longer off-times leading to larger numbers of action potentials as recorded electrically. The GCaMP6f fluorescence showed positive-going transients associated with blockage of the stoplight. Although t off increased for each off-period, the amplitude of the Ca 2þ transient grew in discrete steps, corresponding to the number of action potentials induced. This result demonstrates that the stoplight protocol can optically induce action potentials and simultaneously monitor action-potentialinduced Ca 2þ transients with single-spike resolution. The Biophysical Journal 107 (7) 1554-1563 patch pipette in this experiment served only as a passive probe of membrane potential, and was not necessary for the optical experiment.
A key merit of the all-optical stoplight protocol is its ability to measure neuronal responses with higher throughput than is practical with patch-clamp electrophysiology. We applied the stoplight protocol without simultaneous patchclamp recordings to n ¼ 23 neurons. Of these, nine (39%) showed clearly resolved unitary Ca 2þ transients similar to those shown in Fig. 7 . In the cells that showed a clear Ca 2þ response, the minimum t off to induce a single action potential varied between 10 and 400 ms (mean 123 ms, n ¼ 9 cells). More frequently, we observed complex Ca 2þ transients that did not clearly resemble single action potential responses. This cell-to-cell variability likely arose from two factors: 1), variations in resting potential, which caused variation in the amount of depolarization needed to reach the threshold voltage for action potential initiation; and 2), variations in opsin expression, which caused variations in opsin-mediated photocurrents. The small baseline depolarization under simultaneous blue and orange illumination was likely proportional to opsin expression level, and therefore also varied between cells. GCaMP6f shows a nonlinear response to Ca 2þ concentration, with a K d value of 375 nM (31) . Thus, the amplitude of the fluorescence transients depended on the initial cytoplasmic Ca 2þ concentration. These sources of variability, some biological and some technical, present a challenge for using the stoplight technique to deterministically induce defined numbers of action potentials.
Despite these limitations, we tested whether the stoplight technique could report associations between neural activity nd response of GFP-based sensors. To compare Ca 2þ handling in the cytoplasm and the mitochondria, we made mitochondrially targeted Ca 2þ sensor by fusing a mitochondrial targeting domain (36) to GCaMP5G (see Methods). We cotransfected neurons with sdChR(C138S,E154A) and either cytosolic GCaMP6f or mitochondrial GCaMP5G. The orange stoplight was blocked for 3 s intervals with a 10 s period, to induce episodes of sustained depolarization. The cytosolic Ca 2þ response showed a clear rise and fall and returned to baseline after each stimulus ( Fig. 8 and Movie S1 in the Supporting Material). The mitochondrial Ca 2þ response was much slower, and did not return to baseline between stimuli ( Ca 2þ response also lagged stimulus onset or offset, reflecting the multistep process for Ca 2þ to transfer between the mitochondrial matrix and the extracellular medium. The decay of Ca 2þ in the mitochondria was much slower than the previously reported off-time for GCaMP5G (40), confirming that the difference in observed timing was not due to the difference between GCaMP5G and GCaMP6f.
DISCUSSION
Nonlinear control through interaction with photocycle intermediates provides a powerful means to steer opsin dynamics. This approach is readily implemented with moderate-intensity quasi-CW light sources and millisecond timescale modulation. The stoplight technique provides a means to control neuronal activation while simultaneously monitoring fluorescent reporters (either protein or smallmolecule) spectrally similar to GFP. This technique relies on temporal modulation of an orange (594 nm) illumination source to control neuronal activity, resulting in minimal optical crosstalk between the light used for optogenetic actuation and the light used for imaging. The stoplight method also leads to faster bidirectional switching than is achieved with single-wavelength optogenetic control. Orange light closes step-function opsins in <2 ms, while thermally activated closing of channelrhodopsins occurs with a time constant of at least 15 ms (41, 42) . With a single gene, one can rapidly hyperpolarize or depolarize a cell relative to the membrane potential established in the photostationary state.
Several advances will be required for the stoplight technique to become generally applicable. To start, it is necessary to improve the dynamic range of the opsin photocurrent: to have a higher blue-only photocurrent, and a lower blue-plus-orange photocurrent. A high blue-only photocurrent is necessary to trigger action potentials in a robust manner. A low blue-plus-orange photocurrent is necessary to prevent baseline depolarization and sodium channel inactivation. Among the opsins we explored, there appeared to be a tradeoff between performance along these parameters (Fig. 5 a) . We see no fundamental reason for this tradeoff. A broader search of opsin backbones or further mutation of the opsins presented here may identify variants that can reliably and precisely trigger single time-action potentials via the stoplight protocol, over a wide range of expression levels and natural neuronal variability. The CoChR variants show particular promise. We did not apply CoChR(C108S) in neurons due to the incomplete suppression of photocurrent (82%) by orange light. However, the exceptional membrane localization and high blue-only photocurrent (750 pA) of this mutant make it a promising candidate for further mutagenesis. Novel strategies for improving expression and membrane trafficking can dramatically increase photocurrents (42) .
A related challenge is to decrease the minimum orange light intensity needed to suppress the photocurrent. The stoplight intensity we used, 300 W/cm 2 , borders on the photodamage threshold in neurons. This intensity can only be achieved with a high magnification objective and laser illumination focused to a region approximately the size of a single cell. Applications to studying neural circuit dynamics in vitro or in vivo will require photocurrent suppression at much lower stoplight intensity. 
SUPPORTING MATERIAL
